The effects of caffeine on extracellular dopamine and acetylcholine have been studied in freely moving rats implanted with concentric microdialysis probes in the nucleus accumbens shell and core and in the medial prefrontal cortex. Intravenous administration of caffeine (0.25, 0.5, 1.0, 2.5 and 5.0 mg/kg) 
Caffeine's central effects are known to be due to blockade of adenosine A 1 and A 2A receptors. These receptors are widely distributed through the brain (Dixon et al. 1996; Lee and Reddington 1986; Palmer and Stiles 1995) , adenosine A 1 receptors being present mostly in cortical layers, hippocampus and striatum (Dixon et al. 1996; Palmer and Stiles 1995) and A 2a receptors being co-localized with DA receptors in the striatum (Dixon et al. 1996; Palmer and Stiles 1995) .
Acetylcholine (ACh) might be involved in the stimulant properties of caffeine. Cholinergic nerve terminals in the prefrontal cortex, originating in the Ch 1 -Ch 4 nuclei of the basal forebrain cholinergic complex (Mesulam et al. 1983; Schwaber et al. 1987 ) have been involved in arousal and attentional processes (Fibiger 1991; Sarter and Bruno 2000) . Cortical ACh release is increased following presentation of novel, behaviorally relevant stimuli (Acquas et al. 1996; Moore et al. 1993) but also as a consequence of an attentional load during performance in a 5-choice serial reaction time task (Passetti et al. 2000) .
Adenosine exerts a strong control over ascending ACh projections to the thalamus and cortex. Thus, cholinergic nuclei of the mesopontine tegmentum (Ch 5 -Ch 6 nuclei, according to the nomenclature of Mesulam et al. (1983) ) are tonically inhibited by adenosine through an action onto A 1 receptors (Rainnie et al. 1994 ). Prolonged wakefulness is associated to enhanced adenosine concentrations in the basal forebrain (Porkka-Heiskanen et al. 1997 ) as a result of local brain metabolism; moreover, induction of SW sleep is associated to increased levels of adenosine in brain (Strecker et al. 2000) . On this basis it has been suggested that adenosine is an endogenous sleep factor (Strecker et al. 2000) and modulates EEGarousal through ACh projections to the cortex (Portas et al. 1997; Rainnie et al. 1994; Strecker et al. 2000) . Dopamine (DA) transmission is thought to be involved in the psychostimulant properties of drugs of abuse. Thus, microdialysis studies have shown that a neurochemical property common to psychostimulant and reinforcing drugs is the ability of preferentially stimulating DA release in the shell subdivision of the nucleus accumbens Di Chiara 1999, 2000; Pontieri et al. 1995 Pontieri et al. , 1996 Tanda et al. 1997) . Given the psychostimulant properties of caffeine, its debated reinforcing and addictive properties and the postulated involvement of ACh in its arousing effects, it was of interest to investigate the effects of caffeine on DA and ACh transmission.
With these premises we studied with microdialysis in freely-moving rats the effect of caffeine on extracellular DA and ACh levels in the shell and in the core of the NAc Heimer and Alheid 1991) and in the prefrontal cortex (PFCX). In order to investigate the relationship between the psychostimulant properties of caffeine, as estimated by its locomotor stimulant properties, the relationship between tolerance to caffeine's psychostimulant effects and changes in DA and ACh transmission was also studied. The effects of caffeine were compared with those of selective antagonists for adenosine A 1 or A 2A receptors. Caffeine was administered by two routes: intravenous, through subchronically implanted catheters, and intraperitoneal. The intravenous route was utilized in experiments involving monitoring DA and ACh in the PFCX so as to avoid manipulating the animals during drug-injection and to artifactually stimulate cortical DA and ACh transmission. The intraperitoneal route of administration was utilized, comparatively with the intravenous one, in experiments involving monitoring of DA in the NAc shell and core areas, where this manuever induces only minor changes in DA and ACh transmission. The intraperitoneal route was also utilized in order to allow comparison of the results with those of previous placepreference studies utilizing the same route (Patkina and Zvartau 1998; Bedginfield et al. 1998 ).
EXPERIMENTAL PROCEDURE Animals
Male Sprague-Dawley rats (275-300 g) were housed in groups of two or three per cage for at least three days before use and were maintained on a 12:00/12:00 h light/dark cycle (lights on at 7:30 A . M .) with food and water available ad libitum. After surgery the rats were housed individually in plexiglas hemispherical bowls (50 cm of diameter) which also served as the experimental environment, where they recovered for 24-30 h prior to the microdialysis experiments. Experiments were carried out between 9:00 A . M . and 4:00 P . M . Animal care and experimental protocol were conducted in accordance with guidelines of national (D.L. 116, Suppl. G.U. 40, 18/2/1992 and circolare no. 8 G.U. 14/7/1994) and international (EEC council Directive 86/609, OJ L 358/1, Dec. 12, 1987) policies.
Surgery and Microdialysis
Rats were anesthetized with ketamine HCl (Ketalar, Parke Davis Spa, Italy) (100 mg/kg i.p.) and stereotaxically implanted with a vertical concentric microdialysis probe in the left medial prefrontal cortex, and in different subjects in their left nucleus accumbens shell and right nucleus accumbens core. The coordinates, measured from bregma, were AP ϭ ϩ 3.6 mm, ML ϭ Ϫ 0.7, DV ϭ Ϫ 4.8 mm from dura, for the medial prefrontal cortex, and AP ϭ ϩ 2.2 mm, ML ϭ Ϫ 1.1, DV ϭ Ϫ 8.0 mm from dura, and AP ϭ ϩ 1.6 mm, ML ϭ ϩ 2.0, DV ϭ Ϫ 7.8 mm, for the nucleus accumbens shell and core, respectively, according to (Paxinos and Watson 1998) . For intravenous administration, under halothane anesthesia rats were implanted, in the same day, with a polyethylene catheter in the left femoral vein and tunneled subcutaneously to exit at the nape of the neck according to Crane and Porrino (1989) . The membrane used was a polyacrylonitrile/sodium methallyl sulphonate copolymer (i.d. 0.22 mm, o.d. 0.31 mm; AN 69 filtral 8, Hospal Industrie, Italy). The membrane was covered with epoxy glue along its whole length except for 3 mm corresponding to the area of dialysis. The day of the experiment rats were connected to a microperfusion pump (BAS, Bee Hive, Lafayette, IN, USA) by polyethylene tubing (PE-50, Portex Ltd, Kent, UK)(INLET) connected to a 2.5 ml glass syringe (Hamilton Company, USA) containing the perfusion solution. The perfusion flow was set at 1 l/min. The first three dialysate samples were discarded. Samples were collected every 10 min (10 l/sample) into a 20 l sample loop (OUTLET) and subsequently injected in the high pressure liquid chromatograph (HPLC) injector valve operated manually. The perfusion solution contained 147 mM NaCl, 4 mM KCl, 2.2 mM CaCl 2 , in twice distilled water. To achieve consistently detectable amounts of ACh in the dialysate, the reversible ACh esterase inhibitor neostigmine bromide (0.01 M) (Sigma, St. Louis, MO, USA) was added to the perfusion solution. ACh was assayed by HPLC-electrochemical detection (ECD) in conjunction with an enzyme reactor (Damsma et al. 1987 ). In the experiments in which DA was measured, the composition of the perfusion solution was identical but, in these experiments, the ACh esterase inhibitor was not included. ACh and choline were separated on a reverse phase Chromspher C 18 5 m (Merck, Darmstad, FRG) column (75 ϫ 2.1 mm) pretreated with lauryl sulfate. The mobile phase passed directly through the enzyme reactor (10 ϫ 2.1 mm) containing ACh esterase (ED 3.1.1.7; type VI-S -Sigma, St. Louis, MO, USA) and choline oxidase (EC 1.1.3.17; Sigma, St. Louis, MO, USA) covalently bound to glutaraldehyde-activated Lichrosorb 10-NH 2 (Merck, Darmstad, FRG); ACh and choline were quantitatively converted into hydrogen peroxide which was detected electrochemically at a platinum working electrode set at 500 mV versus an Ag/AgCl reference electrode (LC-4B, BAS, Lafayette, IN, USA). The mobile phase was an aqueous potassium phosphate buffer (1.9 mM K 2 HPO 4 , 0.2 mM tetramethyl ammonium hydroxide, pH ϭ 8) delivered at a constant flow of 0.4 ml/min by an HPLC pump (Bischoff HPLC Pump Mod. 2200, Bischoff, FRG). The chromatograms were recorded on a chart recorder. The detection limit of the assay was 50 fmol/sample. Injections of an ACh standard (20 l, 0.1 M) were made every 60 to 90 min in order to monitor changes in electrode sensitivity and sample concentrations were corrected accordingly. DA was assayed by HPLC-ECD. The mobile phase was delivered by an HPLC pump (Pharmacia LKB, HPLC pump 2150) at the constant flow of 1.20 ml/min and consisted of NaH 2 PO 4 (50 mM), Na 2 HPO 4 (5 mM), Na 2 EDTA (0.1 mM), octanesulfonic acid (0.5 mM) (Eastman Kodak Co., NY), and methanol 15% v/v, pH ϭ 5.5. DA was separated by reverse phase liquid chromatography (150 ϫ 4.6 mm, Supelco 5 m LC 18 DB). The electrochemical detector (Coulochem II, ESA Inc., Bedford, MA, USA) was set as follows: oxidation electrode ϩ 75 mV, reduction electrode Ϫ 125 mV. The sensitivity of the assay for DA was 2 fmol/sample. The chromatograms were recorded on a chart recorder.
Drugs
Caffeine (RBI-Sigma, Natick, MA, USA), dissolved in saline was administered i.v. or intraperitoneally (during the chronic treatment at the dose of 25 mg/kg) in a volume of 1 ml/kg. SCH 58261 (Schering-Plough, Milan, Italy, (7-(2-phenylethyl)-5-amino-2-(2-furyl)-pyrazolo-[4,3, e ]-1,2,4-triazolo[1,5-c]-pyrimidine)) and DPCPX (8-cyclopentyl-1,3-dipropylxanthine), RBI-Sigma, Natick, MA, USA) were suspended in saline with the addition of 0.3% TWEEN 80 in a volume of 1ml/kg.
Statistics
Values are expressed as changes percent with respect to baseline (100%). Baseline was set as the average of the last six pretreatment samples (not differing more than 15%). Basal DA and ACh output were, respectively: NAc Shell: 56.7 Ϯ 9.2 fmol/min. Ϯ S. Figure 1 shows the effect of caffeine, administered at doses of 0.25, 0.5, 1.0, 2.5 and 5.0 mg/kg i.v. on dialysate DA in the PFCx and nucleus accumbens, shell and core. Caffeine significantly modified DA in the PFCx at all doses except the lowest (0.25 mg/kg), but not in the NAc shell and core (see legend to Figure 1 for statistical analysis). Two-way ANOVA showed that the effects of caffeine on PFCx DA were dose-(F 4,215 ϭ 10.16, p Ͻ .001) and time-dependent (F 9,210 ϭ 9.61, p Ͻ .001) with a significant dose X time interaction (F 36,170 ϭ 1.72, p Ͻ .02). Tukey's post hoc test revealed that the changes of DA output after caffeine 5.0 mg/kg were significantly larger (p Ͻ .05) than those after caffeine 0.25, 0.5 and 1.0 mg/kg. DA peaked around 10, 20, or 30 min depending on the dose and was back to basal around 50 min after drug administration. A late (60 min.) increase of dialysate DA in the PFCx was observed after caffeine 1 mg/kg.
RESULTS

Effect of Intravenous Caffeine on Dialysate Dopamine in the Prefrontal Cortex, Nucleus Accumbens Shell and Core
Effect of Intraperitoneal Caffeine on Dialysate Dopamine in Nucleus Accumbens Shell and Core
The effect of the intraperitoneal administration of caffeine was studied on DA transmission in the NAc shell (1.5, 3.0, 10 and 30 mg/kg) and core (10 and 30 mg/kg). As shown in Figure 2 , caffeine failed to significantly affect DA transmission at all doses tested (see legend to Figure 2 for statistical analysis). Two-way ANOVA showed that the effects of caffeine on DA were neither dose-(F 3,108 ϭ 2.04, NS) nor time-dependent (F 6,105 ϭ 2.85, NS) in the shell and in the core: (dose, F 1,40 ϭ 0.5, NS; time, F 6,35 ϭ 1.28, NS).
Effects of Caffeine on Dialysate Acetylcholine in the Prefrontal Cortex
As shown in Figure 3 , intravenous administration of caffeine significantly modified dialysate ACh in the PFCx at all doses tested (see legend to Figure 3 for statistical analysis). Two-way ANOVA revealed a main effect of dose (F 3,18 ϭ 4,83, p Ͻ .01); Tukey's post hoc test revealed a significant difference between the effect of 0.25 mg/kg as compared with that of 2.5 mg/kg (p Ͻ .05). Effect of intravenous administration of caffeine 0.25 mg/kg (n ϭ 4), 0.5 mg/kg (PFCX n ϭ 6), 1.0 mg/kg (PFCX n ϭ 4), 2.5 mg/kg (PFCX n ϭ 5) and 5.0 mg/kg (PFCX n ϭ 3) and of caffeine 1.0 mg/kg (NAc shell n ϭ 4; NAc core n ϭ 4), 2.5 mg/kg (NAc shell n ϭ 4; NAc core n ϭ 3) and 5.0 mg/kg (NAc shell n ϭ 3; NAc core n ϭ 3) on nucleus accumbens and prefrontal cortical DA release. 
Effect of DPCPX on Dialysate Dopamine in the Prefrontal Cortex, Nucleus Accumbens Shell and Core
As shown in Figure 4 , the adenosine A 1 antagonist, DPCPX, significantly modified dialysate DA in the PFCx at all doses tested (see legend to Figure 4 for statistical analysis). Two-way ANOVA showed these effect to be dose- (F 3,194 ϭ 18.083, p Ͻ .001) and timedependent (F 9,190 ϭ 14.96, p Ͻ .001) with a significant dose X time interaction (F 36,149 ϭ 4.49, p Ͻ .001).
Figure 4 also shows that DPCPX, at the dose of 0.5 mg/kg i.v., did not significantly modify dialysate DA in the NAc shell (F 12,12 ϭ 0.82, NS) and core (F 12,12 ϭ 0.94, NS). Figure 5 shows the effects of DPCPX at the doses of 0.0625, 0.125 and 0.25 mg/kg i.v. on dialysate ACh in the PFCx. DPCPX significantly modified ACh release (1-way ANOVA) at all doses tested (see legend to Figure 5 for statistical analysis). Two-way ANOVA also showed these effects to be dose-(F 2,167 ϭ 16.38; p Ͻ .0001) and time-dependent (F 9,169 ϭ 7.57, p Ͻ .0001). Post hoc analysis showed that the increases after the dose of DPCPX 0.25 mg/kg were significantly larger than those after DPCPX 0.0625 and 0.125 mg/kg (p Ͻ .05).
Effect of DPCPX Dialysate Acetylcholine in the Prefrontal Cortex
Effect of SCH 58261 on Dialysate Dopamine in the Prefrontal Cortex, Nucleus Accumbens Shell and Core
As shown in Figure 6 , the intravenous administration of the specific A 2A antagonist, SCH 58261 significantly changed dialysate DA in the PFCx at all doses tested (see legend to Figure 6 for statistical analysis). These increases were also dose-(F3 ,205 ϭ 12.008, p Ͻ .001) and time-dependent (F 9,200 ϭ 9.876, p Ͻ .001), with a significant dose X time interaction (F 36,160 ϭ 2.610, p Ͻ .001). Tukey's post hoc analysis revealed that the increases of DA output after SCH 58261 0.5 mg/kg was significantly larger than those after SCH 58261 0.0625, 0.125 and 0.25 mg/kg (p Ͻ .05). DA peaked at 10-20 min depending on the dose. As shown in Figure 6 , SCH 58261, at the dose of 0.5 mg/kg i.v., failed to significantly 
Effect of SCH 58261 on Dialysate Acetylcholine in the Prefrontal Cortex
As shown in Figure 7 , SCH 58261 significantly changed dialysate ACh at all doses tested (see legend to Figure 7 for statistical analysis). SCH 58261 modified ACh release in the PFCx in a dose-(F 4,21 ϭ 514.82, p Ͻ .0001) and time-dependent fashion (F 11,231 ϭ 5.28, p Ͻ .00001) and with a significant dose X time interaction (F 44,231 ϭ 2.04, p Ͻ .0004). As shown in Figure 7 
Effects of Chronic Treatment with Caffeine on Caffeine-induced Changes in Prefrontal Cortical Dopamine and Acetylcholine Release
In order to study the effects of repeated administration of caffeine on the neurochemical responses to acute caffeine, caffeine was administered to rats for seven days (twice a day, 25 mg/kg i.p.). On the eighth day rats were implanted with a catheter in their right femoral vein and with a microdialysis probe in the medial prefrontal cortex. Figure 8 (top left) shows that caffeine (1.0 mg/kg i.v.) failed to significantly affect dialysate DA in the PFCx (F 12,60 ϭ 0.80, NS) of rats chronically exposed to caffeine; 2-way ANOVA showed a significant effect of treatment (F 1,122 ϭ 21.16, p Ͻ .001) and time (F 12,111 ϭ 1.34, p Ͻ .02) and a significant treatment X time interaction (F 12,98 ϭ 2.62, p Ͻ .005). Post hoc analysis revealed significant differences within the first 30 minutes after caffeine administration between the effect on chroniccaffeine and that on chronic-saline treated rats. Similarly, the administration of caffeine at the dose of 2.5 mg/kg i.v. to rats chronically exposed to caffeine (Figure 8, bottom left) , failed to stimulate DA release in the medial PFCx (F 12,72 ϭ 1.78, NS); 2-way ANOVA of the effect of caffeine in chronic-saline versus chronic-caffeine treated rats, yielded a significant effect of treatment (F 1,150 ϭ 20.11, p Ͻ .001), time (F 12,130 ϭ 2.34, p Ͻ .005) and a significant treatment X time interaction (F 12,127 ϭ 2.08, p Ͻ .05).
Figure 8 (right) also shows the effects of 1.0 mg/kg i.v. of caffeine in dialysate ACh in rats chronically exposed to caffeine or saline. Caffeine significantly modified ACh in the PFCx of caffeine pre-exposed rats (F 12,72 ϭ 2.85, p Ͻ .002, and p Ͻ .05, post hoc). Two-way ANOVA showed a significant effect of time (F 12,108 ϭ 3.6, p Ͻ .0001), but not a significant effect of treatment (F 1,9 ϭ 0.5, NS) or treatment X time interaction (F 12,108 ϭ 0.37, NS). Similar results were obtained also when caffeine was administered at the dose of 2.5 mg/kg i.v. (Figure  8 , bottom right). At this dose caffeine significantly modified dialysate ACh in the PFCx of rats chronically treated with caffeine (F 12,48 ϭ 2.95, p Ͻ .003, and p Ͻ .05, post hoc); 2-way ANOVA showed a significant effect of time (F 12,132 ϭ 4.3, p Ͻ .00001), but not of treatment (F 1,11 ϭ 0.05, NS) or treatment X time interaction (F 12,132 ϭ 1.56, ns).
Behavioral Effects of Caffeine, DPCPX, and SCH 58261
As shown in Figure 9 , the administration of caffeine (1.0 and 2.5 mg/kg i.v.) evoked a dose-dependent behavioral activation described by four categories: (1) Grooming; (2) Sniffing, (3) Locomotion, and (4) Resting (in this latter category were included periods of inactivity in which rats were either resting on the bedding or sleeping). The administration of caffeine at the dose of 1.0 mg/kg (Figure 9 , left) to rats chronically treated with saline produced a pattern of behavioral activation that was significantly different as compared with that produced by caffeine 1.0 mg/kg given to rats chronically treated with caffeine (2-way ANOVA): Grooming: F(treatment) 1,120 ϭ 3. . Behavioral effects of caffeine (1.0 mg/kg i.v., left, or 2.5 mg/kg i.v., right) in rats chronically-exposed to saline (upper panels) or caffeine (lower panels). Data obtained from rats given caffeine 1.0 or 2.5 mg/kg i.v., from which were determined dialysate concentrations of DA or ACh, were pooled. Vertical bars represent S.E.M. * p Ͻ .05 at Tukey's post-hoc analysis as compared with the identical behavioral item during the corresponding time point of the chronic saline or chronic caffeine group. more pronounced after the dose of 0.25 mg/kg i.v. SCH 58261(data not shown), similarly to caffeine, produced a dose-dependent behavioral activation with a pattern that varied from sniffing at lower doses (0.0625 and 0.125 mg/kg i.v.), to grooming and locomotion at intermediate doses (0.25 and 0.5 mg/kg i.v.) and stereotyped sniffing at the higher dose (1 mg/kg i.v.).
DISCUSSION
The present study shows that caffeine, given intravenously at doses that elicit behavioral stimulation, increases extracellular DA in the PFCx but not in the NAc shell or core. No changes in dialysate DA were also obtained at intraperitoneal doses of caffeine that have been reported to induce conditioned place-preference (Patkina and Zvartau 1998; Bedginfield et al. 1998 ). These observations are relevant for the mechanism of the psychostimulant properties of caffeine and for the debated issue of the reinforcing and addictive properties of caffeine. First, the present results exclude that the psychostimulant properties of caffeine are related to stimulation of endogenous DA transmission in the NAc. A previous report of increased striatal DA concentrations by caffeine refers to the local infusion of the drug at concentrations not reached by systemic administration (Okada et al. 1997) . It is unlikely that the psychostimulant properties of caffeine are the result of the increase of DA in the PFCX as drugs (antidepressants) known to increase DA in the PFCX but not in the NAc are devoid of psychostimulant properties . Rather than of DA release, the psychostimulant properties of caffeine are likely to be the result of blockade of A 2a receptors in the striatum including the NAc (Dixon et al. 1996; Palmer and Stiles 1995) . Failure to activate DA transmission might be related to the relatively weak reinforcing properties of caffeine. In fact this drug, while inducing place-conditioning (Patkina and Zvartau 1998; Bedginfield et al. 1998) , fails to elicit self-administration (Garrett and Griffiths 1998; Griffiths and Mumford 1995; Nehlig 1999) . The failure of caffeine to serve as a reinforcer for self-administration behavior, in turn, might be related to its failure to induce dependence according to the criteria of DSM-IIIR and IV (APA 1994) . Thus, caffeine, in spite of its ability to induce tolerance and physical dependence, does not consistently induce those behavioral abnormalities typical of addictive drugs and substances (APA 1994). As a result of this, in spite of addictive liability suggestions (Griffiths and Mumford 1995) caffeine is not listed among dependence-producing substances in DSM-IIIR and IV (APA 1994).
As a matter of fact, the failure of caffeine to increase DA in the NAc shell makes it different from drugs with reinforcing and addictive properties, as these drugs share the ability of increasing DA in the NAc shell Di Chiara 1999, 2000; Pontieri et al. 1995; Pontieri et al. 1996; Tanda et al. 1997) . Therefore, the present observations seem consistent with the proposal that the property of increasing DA in the NAc shell is a biochemical expression of the addictive potential of a drug , 1999 .
While ineffective on DA transmission in the NAc, caffeine stimulates DA and ACh transmission in the PFCx. This effect could be related to the psychostimulant properties of caffeine but is unclear if this change is the cause or the effect of these properties. In fact, it has been proposed that adenosine regulates arousal by acting onto the cell bodies of pontine cholinergic projection nuclei (Rainnie et al. 1994; Strecker et al. 2000) . These neurons, through their connections with cortically projecting cholinergic neurons (Mesulam et al. 1983; Schwaber et al. 1987 ) are thought to regulate cortical activity (Sarter and Bruno 2000) .
As to the mechanism of the stimulant effects of caffeine on cortical DA and ACh reported here, the observation that they can be reproduced both by DPCPX (A 1 antagonist) (Bruns et al. 1987 ) and by SCH 58261 (A 2A antagonist) (Zocchi et al. 1996) , and the circumstance that caffeine is an antagonist at both A 1 and A 2A receptors indicates that, at least in principle, both receptors can be responsible for these effects. Thus, combined blockade of A 1 and A 2A receptors might explain the high in vivo potency of caffeine on DA and ACh transmission compared with its relatively low affinity for each receptor subtype in vitro (Fredholm and Svenningsson 1995) .
On the other hand, the finding that DPCPX stimulates cortical ACh transmission is in agreement with previous in vitro (Broad and Fredholm 1996) and in vivo studies (Carter et al. 1995) showing that adenosine A 1 receptors are involved, at multiple sites of action, in the tonic inhibitory action exerted by adenosine on cholinergic neuronal activity (Rainnie et al. 1994) .
Blockade of adenosine A 2A receptors by KF 17837 does not affect the inhibition by adenosine of ACh release from rat cortical slices (Broad and Fredholm 1996) ; conversely, adenosine A 2A receptor agonists, applied locally in the hippocampus, via the dialysis probe, fail to affect caffeine-induced ACh release in the hippocampus (Carter et al. 1995) . These findings would suggest that the effects of caffeine and of A 2A antagonists on ACh release in vivo are unrelated to a local intra-cortical action. Therefore extrinsic mechanisms should be envisioned for these effects. An explanation of our results might be provided by the fact that adenosine A 2A receptors co-localize with D 2 receptors in striato-pallidal neurons where they affect in an opposite manner signal transduction through the cAMP generating system (Ferre et al. 1992; Ongini et al. 1996) . Therefore blockade of adenosine A 2A receptors by SCH 58261 might shift the A 2A /D 2 balance in favor of D 2 receptors in terminal DA areas including the ventral striatum, thus disinhibiting basal forebrain ACh neurons projecting to the cerebral cortex and hippocampus (Mesulam et al. 1983; Schwaber et al. 1987 ). An alternative explanation of caffeine-and SCH 58261-induced ACh release takes into account the fact that cortical and hippocampal ACh release is positively related to changes of the behavioral state from resting to activity as well as following sudden changes in the light-dark phase (Day et al. 1991; Mizuno et al. 1991) ; thus, behavioral stimulation by SCH 58261 (present study and Ferre et al. 1994 ) might secondarily enhance cortical ACh release.
However, the observation that chronic exposure to caffeine resulted in tolerance to its locomotor stimulant effects but not to caffeine-induced increases of cortical ACh release is against such interpretation. Caffeineinduced stimulation of DA release in the PFCx did undergo tolerance upon chronic caffeine, consistently with a role of motor activation in the effect of caffeine on PFCx DA release.
In animals tolerant to the locomotor stimulant effects of caffeine, one might ask what is the behavioral correlate of stimulation of ACh release in the cortex. If one considers that the arousing effects of caffeine are resistant to tolerance, stimulation of ACh release in the cortex might be involved in the EEG desynchronizing effects of caffeine. Further studies are needed to substantiate this suggestion.
